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Abstract
Feldspar minerals are the most common rock formers in Earth’s crust. As such they play
an important role in subjects ranging from geology to climate science. An atomistic under-
standing of the feldspar structure and its interaction with water is therefore desirable, not least
because feldspar has been shown to dominate ice nucleation by mineral dusts in Earth’s atmo-
sphere. The complexity of the ice/feldspar interface arising from the numerous chemical motifs
expressed on the surface makes it a challenging system. Here we report a comprehensive study
of this challenging system with ab initio density functional theory calculations. We show that
the distribution of Al atoms, which is crucial for the dissolution kinetics of tectosilicate min-
erals, differs significantly between the bulk environment and on the surface. Furthermore, we
demonstrate that water does not form ice-like overlayers in the contact layer on the most easily
cleaved (001) surface of K-feldspar. We do, however, identify contact layer structures of water
that induce ice-like ordering in the second overlayer. This suggests that even substrates without
an apparent match with the ice structure may still act as excellent ice nucleating agents.
1 Introduction
Feldspar minerals belong to the group of tectosilicates, which make up nearly 75 % of the crust
of the Earth. Their abundance makes them relevant to various fields such as water contamination,
soil, geochemistry, and atmospheric sciences.1,2 Despite their ubiquity, gaps in understanding of
the physical chemistry of these materials remain. How water adsorbs on their surfaces, how ice
might form and aspects of feldspar dissolution behavior are prominent examples.
One particular mineral, microcline (a K-feldspar), was put into the spotlight recently. Using
a droplet freezing technique, Atkinson et al. showed that K-feldspar dominates ice nucleation
in Earth’s atmosphere by mineral dust.3 Whilst these experiments are well suited to establish-
ing ice nucleating ability, they did not provide the atomistic insight necessary to understand why
K-feldspar is such an excellent ice nucleator. This work has prompted a number of follow up
studies,4–10 and of course water mineral surfaces, although not specifically about microcline, have
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previously been widely studied.2,11–16 The findings of Atkinson et al.3 are also to some extent
surprising, because feldspar surfaces bear no obvious resemblance to the structure of ice. It is
commonly thought that good ice nucleators should present surfaces that template ice-like struc-
tures. Lattice match as in the case of AgI17 or hexagonal arrangements of hydroxyl groups in
the case of kaolinite18 are famous examples. Some experiments suggest, however, that other ma-
terials without an apparent templating effect can still be good ice nucleators. One example is
testosterone,19 others are marine biogenic particles.20 These cases not only demonstrate that lat-
tice match is probably not a good predictor for ice nucleating ability but also that we still lack an
understanding of what it is that makes a good ice nucleator.21
Recent experimental studies have focused on establishing the ice nucleating ability of vari-
ous materials4–6,8,9 and recent simulations have aimed at characterizing specific water-solid inter-
faces22–28 and at understanding general trends in ice nucleating on more idealized model systems
.29–36 They were able to show that it is a subtle balance between lattice match, surface topology and
adsorption energy that impacts ice nucleation. This means that ice nucleating ability is strongly
system dependent and requires investigations on a case by case basis. Therefore, by looking at
a variety of examples of good ice nucleators, one might be able to deduce a general theoretical
framework for what makes materials good at nucleating ice. Understanding what it is that makes
particularly interesting substrates such as feldspar so good at nucleating ice is therefore desirable.
Nucleation on real feldspar particles however is a complicated process, not least because many
different surfaces will be exposed on a real feldspar particle. Furthermore defects, trenches and
wedges might play a role in the nucleation process. No single study can address all of these is-
sues, but here we lay the groundwork by establishing the structure of the clean and water covered
microcline (001) surface, which is the surface that is cleaved most easily for feldspars.13
The rest of the paper is structured as follows: In section 2 we elaborate on the computational
method. We then discuss the bulk structure of feldspar in section 3.1 for two reasons. First, we
show that our computational setup for our DFT calculations is able to reproduce experimental
findings very well, which gives us confidence in our methods. Second, understanding the bulk
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is a prerequisite to the surface and the surface-water interface. After covering bulk structures we
focus on the surface, for which much less experimental data is available, in section 3.2. We show
that the thermodynamics of the Al/Si distribution on the surface differ significantly from that in
bulk, and connect this with the dissolution behavior of feldspar minerals. In section 3.3 we move
on to the mineral water interface, where we discuss the interaction of water with the microcline
(001) surface. At first, we focus on monolayer adsorption and then follow this by a discussion
of multilayer ice growth. We demonstrate that the “ice-unlike" structure of feldspar does not lead
to ice-like structures in the contact layer. However, the particular structure of the contact layer
has the ability to induce ice-like structures in the second water layer. It is these ice structures that
could make feldspar the excellent ice nucleator it is. As well as providing initial understanding
of clean and water covered microcline we hope this study will stimulate the general discussion of
what makes a material a good ice nucleator.
2 Computational Method
Density functional theory (DFT) calculations were performed with the periodic plane wave code
VASP.37,38 Core electrons were replaced by projector augmented wave (PAW) potentials39 and
valence electrons were expanded in plane waves. All calculations were done on microcline, a tri-
clinic potassium feldspar with chemical composition K4Al4Si12O32 (space groupC1¯). Its structure
is shown in Figure 1 a and b.
Starting from the experimental unit cell and structure40 we did a full geometry relaxation with
a 600 eV cutoff for the plane wave basis set, which is 50 % larger than the recommended 400 eV
cutoff for ionic relaxation so as to avoid problems with Pulay stresses (see the Supporting Informa-
tion (SI) for more information). This optimization was followed by an ionic relaxation with a 400
eV cutoff to obtain the equilibrium geometry for any bulk structure. All other calculations were
also carried out with a 400 eV cutoff. Electronic structures were converged to 1.0×10−5 eV and
ions were relaxed until the forces acting on them were below 0.005 eV/Å. K-points were sampled
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Figure 1: (a) shows one possible arrangement of AlO4- (light blue) and SiO4 (dark blue) tetrahedra
in microcline. K+ ions are shown in pink and oxygen atoms in red. A primitive unit cell contains
4 AlO4- tetrahedra, 4 K+ ions (to balance the charge) and 12 SiO4 tetrahedra. T1 sites expose
bridging oxygen atoms to the (001) surface (these oxygens are highlighted with green circles), T2
expose bridging oxygens to the (010) surface (oxygens highlighted with yellow circles). (b) shows
a full atomistic model of the unit cell. Al atoms are depicted in blue, Si atoms in yellow, K+ ions
in pink and oxygen atoms in red. This color code is used for feldspar throughout the paper. All
eight T1 and eight T2 sites are labeled. On the bottom of (b) we show the orientation of the unit
cell, as well as the location of the two most stable cleavage planes in (a). (c) shows a typical slab
model used for surface and interface calculations. Water fragments (OH and H) used to saturate
undercoordinated bonds are shown in green.
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with a 6×4×6 Monkhorst-Pack k-point mesh41 for bulk calculations and a 3×2×1 Monkhorst-
Pack k-point mesh for all slab calculations. The (001) slab was generated by cleaving a 1×1×2
supercell and saturating all under-coordinated atoms (Si, Al or O) by dissociating water molecules
to form Al-OH and Si-OH groups where necessary. A vacuum parallel to the surface normal of
at least 12 Å was used to separate slabs in adjacent cells and a dipole correction along the surface
normal was applied.42,43 Figure 1 c shows the slab model resulting from this procedure.
We used the Perdew-Burke-Ernzerhof (PBE)44,45 exchange-correlation functional for all calcu-
lations, but we also used the optB88-vdW46–48 functional to test the role of van der Waals forces.
Both functionals lead to the same qualitative conclusions, as shown in the (SI). The stability of
bulk structures with different Al/Si order (for a precise definition see sec. 3.1.1) was investigated
by comparing their total energy Ebulk relative to the most stable bulk structure with energy Eminbulk
per Al atom. In the primitive unit cell, four Al atoms can be distributed amongst 16 sites, which
gives rise to a total of 1820 possible structures. Using the experimental crystal structure of micro-
cline,40 all 1820 structures were generated and minimized with the classical force field ClayFF49
using GROMACS.50,51 The four most stable bulk structures found for every distinct Al-order were
then optimized with DFT as described above. Additionally several structures were chosen by hand
(some of them at random, some based on chemical intuition) and optimized to guarantee a good
sampling of configurational space. In the SI we show that energies obtained with PBE and ClayFF
do indeed correlate well with each other, which demonstrates that this a reasonable procedure. In
total 38 different bulk configurations were considered with DFT.
The stability of different Al/Si orders on the surface was evaluated in a similar manner. For this
we compared the total energy of surfaces Esurf with different Al order relative to the most stable
surface structure with energy Eminsurf per Al.
Water adsorption energies were calculated as follows:
Eads =
EH2O/surf−nEH2O−Esurf
n
(1)
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where EH2O/surf denotes the total energy of the slab with water adsorbed on it, n the number of water
molecules adsorbed, EH2O the total energy of a water molecule in vacuo and Esurf the total energy
of the slab in vacuo. With this definition, a negative adsorption energy corresponds to favorable
(exothermic) adsorption. The dimensionality of the configurational space is too large to perform
a comprehensive search of all adsorption minima, especially for multilayer water structures which
contain up to 24 water molecules. Therefore, a guided structure search approach based on the
potential energy surface (PES) of water on microcline, chemical intuition based on maximizing
the number of hydrogen bonds formed, and structural motifs found in ice Ih was chosen to address
this problem. The key idea is to guide the structure search in such a way, that mainly structures
which either have a strong interaction with the surface or strong intermolecular bonds are searched
for, leaving out all the structures that are of unlikely relevance. We pre-screened the configuration
space with ClayFF49 combined with the SPC water model52 and low-energy candidates were then
further relaxed using DFT. Detailed information about our procedure is provided in the SI. In
total, more than 100,000 structures were screened with ClayFF, and more than 150 structures were
minimized with DFT.
3 Results and Discussion
3.1 Bulk
Before investigating the water feldspar interface one needs to have an atomistic understanding of
the bulk. Microcline’s bulk structure is fairly well established, but there are issues over the Al order
at an atomistic level that remain unclear. We start with an introduction of the general structural
features of microcline, which is followed by a discussion of Al order from two perspectives. First,
the effect of Al order on the unit cell dimensions is investigated; and second, the energetics of
different Al order states are discussed. Our results show, that DFT is suitable to describe the
structure and energetics of feldspar well by comparing our results to experiment. They also reveal,
however, that a microscopic structural feature, the appearance of two distinct Al-O bonds, is not
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accounted for in macroscopic models.
3.1.1 The structure of microcline
The structure of feldspars in general can be described as “mirrored crankshaft-chain" frameworks
of polymerized Al/SiO4 tetrahedra.53 Both Al and Si atoms are four-fold coordinated by oxygen,
forming AlO4 and SiO4 tetrahedra. K+ ions counterbalance the formal -1 charge of AlO4 tetrahe-
dra. Figure 1 a shows the unit cell of microcline with AlO4 and SiO4 tetrahedra highlighted. The
primitive unit cell contains a total of 16 tetrahedra, of which 4 have Al and 12 have Si in the center,
as well as 4 K+ ions. Aluminum can potentially be located in the center of any of the 16 tetrahedra
making up the unit cell. The possible arrangements of Al amongst these sites is referred to as Al/Si
disorder, and has been the subject of numerous studies; see e.g. ref. 54
One can distinguish two different tetrahedral sites in monoclinic feldspars, namely T1 and T2
sites. T1 sites expose oxygen atoms to the (001) surface (Figure 1 a, green circles), whilst T2 sites
expose oxygen atoms to the (010) surface (Figure 1 a, yellow circles). To clarify this nomenclature,
the location of T1 and T2 sites is also highlighted in Figure 1 b. In a unit cell there are eight T1 and
eight T2 sites.56 If all Al occupy the same type of site, the structure is said to be fully ordered, if
they are equally distributed between T1 and T2 sites, the structure is said to be fully disordered. We
stress that with order we only refer to the distribution of Al between T1 and T2 sites throughout the
paper. Besides being relevant to the physicochemical properties of feldspar minerals, Al/Si order
also plays a crucial role in, for example, zeolites.57
3.1.2 The Al order
We address the Al order from two different viewpoints in this section. First, we discuss the relation
between Al order and unit cell dimension. Then we discuss the energetics of different Al order
states.
A connection between Al order and feldspar unit cell dimension has long been known.58–60
For a detailed explanation of the origin of this connection, the interested reader is referred to ref.61
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Figure 2: Connection between Al order and bulk unit cell geometry. The x-axis shows the Al
occupation of T1 sites. T1 = 0.00 means that all Al are in T2 sites, T1 = 1.00 that all Al are in
T1 sites. We estimate the Al disorder based on DFT lattice relaxations combined with the model
proposed by Kroll and Ribbe.55 The y-axis shows the T1 occupation estimated using this model
(equation 2). The red line shows the behavior equation 2 predicts. Each black circle represents a
different structure which was fully optimized with DFT. Because we optimized several structures
with the same actual T1 order that differed in their atomistic structures, multiple data points for
each Al/Si order were obtained. The model and DFT agree very well on the trend. Also shown on
the top are the most stable bulk structures found for T1 = 0.00 and T1 = 1.00.
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For present purposes it is sufficient to state that Kroll and Ribbe55 proposed the following widely
used connection between Al order/disorder and unit cell geometry:
T1 =
b−21.5398+53.8405c∗
2.1567−15.8583c∗ (2)
In this equation, T1 takes a value between 0 (all Al are in T2 sites) and 1 (all Al are in T1 sites).
b and c∗ are unit cell and reciprocal unit cell vectors respectively (measured in Å). This or similar
methods55,62 have been useful in understanding Al disorder in numerous minerals. However, they
all rely on measurements performed on macroscopic samples in which the data is averaged over
multiple polycrystalline domains. Computational studies have addressed Al order issues using
classical force fields and Monte Carlo methods (see for example refs 63,64 and references therein).
Using DFT this relationship can be tested at the atomistic level, which, to the best of our knowl-
edge, has not been done before.
For every bulk structure computed we estimated the predicted Al disorder using equation 2
from the unit cell parameters obtained from the lattice relaxation. Figure 2 shows the results. The
x-axis represents the actual Al order in a structure, the y-axis the order estimated with equation
2. The solid red line shows the predictions based on the model55 and the black data points are
estimates based on our DFT results. Overall we find that the model and our DFT estimates agree
very well with each other. The linear relationship between cell dimension and T1 order is clearly
well reproduced. What is interesting to note, however, is that different structures at any given T1
occupation result in a number of different estimated disorder states, as can be seen from Figure 2. In
other words, the suggested 1:1 correspondence between estimated T1 order and actual order breaks
down at the atomistic level. This might not be too surprising considering that the model itself is
based on data averaged over large samples. The underlying reason is that equation 2 assumes one
characteristic Si-O bond length and one characteristic Al-O bond. However, two different Si-O
bond lengths can be identified, depending on whether Al atoms are next nearest neighbors to Si or
not. We provide a more detailed explanation of why this breakdown happens at the microscopic
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level in the SI.
Figure 3: Relation between Al order and energetics of microcline (bulk and surface). The x-axis
shows the Al occupation of T1 sites. T1 = 0.00 means that all Al are in T2 sites, T1 = 1.00 that
all Al are in T1 sites. The energy per Al atom of different bulk (left y-axis, black dots) and surface
structures (right y-axis, red squares) relative to the most stable structure is plotted. For clarity,
only the most stable structure identified for each T1 occupation is shown. We find that the most
stable structures are the ones with T1 = 1.00 for bulk microcline and T1 = 0.00 for the surface.
The topmost parts of a T1 = 0.00 and a T1 = 1.00 surface are also shown. Whilst the surface
corresponding to T1 = 0.00 only exposes Si-OH groups, the surface at T1 = 1.00 has 50 % Si-OH
and 50 % Al-OH groups.
After having considered the effect of Al order on the unit cell geometry, we now discuss its
impact on the energy. Figure 3 plots Al occupation of T1 sites as a function of energy relative
to the most stable bulk structure. On the x-axis the Al distribution in T1 sites is plotted, 0.0
meaning that all Al are located in T2 sites and 1.0 meaning that all Al are located in T1 sites. Our
calculations show that in microcline Al prefers to occupy T1 sites exclusively. This again is in
very good agreement with experiment,55 which shows that microcline is highly ordered, with Al
occupying almost exclusively T1 sites. The second most stable order state is for all Al to occupy T2
sites, which is 30 meV per Al atom higher in energy. This is considerably more than the thermal
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energy available at room temperature, which agrees well with the fact that microcline is found
experimentally to be highly ordered, with Al concentrated in T1 sites. Besides energetics many
other factors, such as conditions under which the mineral formed (temperature, pressure, pH), will
contribute to the final composition of a feldspar mineral. None of these are taken into account here,
however our results show that it is thermodynamically favorable to highly order Al into T1 sites.
Each of the most stable bulk structures at a given coverage obeys Löwenstein’s rule (Al-O-Al
linkages are unfavorable);65 no such Al-O-Al linkages appear in any of the most stable structures.
Furthermore, Dempsey’s rule, which states that the number of Al-O-Si-O-Al linkages shall be
minimized66 at a given Al/Si ratio also holds, with the number of such linkages being four for
each of the most stable structures.
To summarize our bulk results: we established that our method agrees with experimental find-
ings. We can reproduce both the empirical relation between Al order and lattice dimensions as well
as the preferential ordering of Al into T1 sites. Furthermore, we find that there are two distinct Si-O
bond lengths instead of only one, depending on local environment around that Si-O bond. Having
an atomistic understanding of the bulk, one can now move on to the surface.
3.2 The (001) surface
Here we focus on the (001) surface, because this is the most easily cleaved surface13 and therefore
most likely to play a significant role in dissolution and ice formation. We will show that the
energetics of Al order on the surface differ significantly from the bulk. Whilst Al in bulk prefer T1
sites, they appear to be more stable in T2 sites on the surface.
To investigate the surface structure of microcline (001), slab models from the fully relaxed bulk
structures with different Al/Si order were built, as discussed in section 3.1. The (001) cleavage
plane is shown in Figure 1 a. Cleaving the bulk structure along this plane leads to the breaking
of Si-O and Al-O bonds. The resulting under-coordinated atoms were saturated with dissociated
water molecules, and the resulting slab model is shown in Figure 1 c.
Upon relaxation, none of the surfaces underwent significant reconstructions. This is consistent
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with previous studies on for example mordenite (001).12 Our main goal here is to understand how
surface stability depends on Al order. We show the results in Figure 3, where the x-axis corresponds
to Al T1 site occupation and the y-axis on the right of the graph is the stability of a given surface
relative to the most stable surface, Eminsurf . Note that the Al order is directly linked to the number
of Al-OH groups on the surface. Structures with T1 = 0.00 have only Si-OH groups exposed on
the surface, whereas structures with T1 = 1.00 have 50 % Al-OH and 50 % Si-OH groups on their
surface.
Our main finding is that, in contrast to the bulk, surfaces with all Al in T2 sites (T1 = 0.00,
no Al-OH groups) are most stable. The fact that surface composition and bulk composition differ
suggests that the chemical difference between them, the presence or absence of hydroxyl groups,
is the driving force for this. Our result simply implies that SiOH groups are more stable than AlOH
groups. The likely reason behind this is the stronger electrostatic attraction between a Si4+ and
an OH− compared to an Al3+ and an OH−. The result agrees well with experimental evidence
showing that Al groups dissolve prior to Si groups. Previous computational studies1,2,14,16,67,68
consistently found that, based on kinetic arguments (reaction barriers), Al should dissolve faster
than Si. Our results add to this in that they show that it is also thermodynamically more favorable
to enrich the surface in Si-OH groups.
3.3 Water/feldspar interface
Having established the structure of the (001) surface of microcline, we now look at its interac-
tion with water. In this section we will look at the water/feldspar interface ranging from water
monomers to multilayer ice structures on top of microcline. Even though monolayers identified do
not resemble the structure of ice, we find second overlayers that are indeed ice-like. This shows
how even substrates with a non ice-like surface morphology can stabilize ice-like multilayers.
The feldspar surface is rather complex and it exhibits a variety of chemical motifs with which
water can interact. Specifically, there are hydroxyl groups attached to either Si or Al, which can
form hydrogen bonds with water, either as hydrogen bond donors or acceptors. In addition there
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are K+ ions which can form coordinative bonds with H2O. Lastly and of less importance, bridging
oxygen atoms (Al-O-Si or Si-O-Si) can act as hydrogen bond acceptors.
To understand how water interacts with microcline (001), the adsorption of water in a broad
range of adsorption structures over a wide range of coverages was examined. Two particular sur-
faces were considered, the most stable surface (T1 = 0.0) and a surface with Al highly ordered in
T1 sites, T1 = 1.0. The former will be exposed in weathered feldspar samples, whereas the latter
will be present in freshly cleaved samples. We discuss the differences between Al and Si rich sur-
faces whenever necessary, but our main focus will be on the freshly cleaved surface. One reason
for focusing on this (T1 = 1.0) surface rather than the most stable (T1 = 0.0) surface, is that there
are major chemical processes happening during the weathering process. It is for example well
established that K+ ions will partially be replaced with H3O+ ions on the surface.54 Furthermore,
because weathering happens in non-neutral conditions, hydroxyl groups and bridging oxygens will
be partially protonated/deprotonated depending on the pH. Having a realistic representation of a
weathered microcline surface is therefore beyond the reach of this work. Looking at the surface that
will be exposed after fresh cleavage on the other hand involves considerably fewer approximations
concerning surface structure. In this study we therefore focus on a clean, non-weathered feldspar
surface. All issues arising from the fact that real feldspar surfaces in nature will be imperfect are
beyond the scope of this work.
The particular T1 = 1.0 surface chosen was one of the most stable T1 = 1.0 surfaces with Al
distributed between different T1 sites so as to maximize the number of different chemical motifs on
the surface. The slab considered had adjacent SiOH-SiOH, AlOH-AlOH and AlOH-SiOH groups.
Figure 4 a shows results for water adsorption on this surface and a T1 = 0.0 surface as a function
of coverage.
3.3.1 Water monomers and clusters
The most stable monomer adsorption site is in between one AlOH and one SiOH group, as shown
in Figure 4 b. In this configuration, water interacts with 2 hydroxyl groups, receiving one hydrogen
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Figure 4: (a) Adsorption energy of water as a function of coverage. We define 1.0 monolayer
to consist of 8 water molecules because there are 8 strong interaction sites for water available
in a primitive unit cell (6 hydroxyl groups and 2 potassium ions). The dashed line represents the
cohesive energy of bulk ice I from PBE (-0.66 eV/water). Blue data points correspond to adsorption
energies on a T1 = 1.0 surface, red data points to energies on a T1 = 0.0 surface. Coverages up to
1.5 ML form a single contact layer with microcline. Energies of multilayers (coverage of 2.5 ML
and 3.0 ML) are also shown. Overlayer structures 1.0 ML + basal and 1.0 ML + prism both have
a coverage of 2.5 ML, overlayer structures basal + basal and prism + prism both have a coverage
of 3.0 ML, they are therefore difficult to distinguish on the basis of coverage. The inset shows the
energetics of different multilayer structures more clearly, with (i), (ii), (iii) and (iv) being 1.0 ML
+ basal, 1.0 ML + prism, prism + prism and basal + basal respectively. (b) to (e) show the most
stable adsorption structure found for a water monomer (0.125 ML) and monolayers with coverage
0.5 ML, 1.0 ML and 1.5 ML, respectively. For clarity, we only show the unit cell in (b), (c)-(e)
have the same unit cell. We also add red lines connecting neighboring water molecules to highlight
the network H2O forms.
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bond (from Si-OH) and donating another (to Al-OH). The remaining hydrogen atom of the water
molecules forms an additional hydrogen bond with a bridging oxygen atom meaning that the water
monomer is involved in three hydrogen bonds. The adsorption energy of a water molecule in this
position is -0.75 eV. On the most stable T1 = 0.0 surface, the adsorption energy is significantly
weaker, only -0.59 eV. Because Al-OH groups are more reactive than Si-OH groups (hence the
difference in surface energies) they bind water more strongly. Even though the energetics of wa-
ter is quite different on both surfaces, structural features of an adsorbed water molecule are quite
similar. The most stable adsorption site for a water monomer on the T1 = 0.0 surface is the same
as the one shown in Figure 4 b. On the T1 = 1.0 surface the O-O hydrogen bond lengths involv-
ing the water molecule and the surface are 2.65 Å (hydrogen bond accepted from Si-OH), 2.71
Å (hydrogen bond donated to Al-OH), and 3.13 Å (hydrogen bond donated to bridging O) for the
water monomer on the T1 = 1.0 surface. On the T1 = 0.0 surface, these hydrogen bond lengths
are 2.71 Å (hydrogen bond accepted from Si-OH), 2.84 Å (hydrogen bond donated to Si-OH), and
3.26 Å (hydrogen bond donated to bridging O). The general elongation of hydrogen bonds on the
T1 = 0.0 surface agrees with the weaker adsorption energy.
In this adsorption site, the water monomer remains intact. We checked for stable dissociated
states but did not find any that came within 1.5 eV of the intact monomer. The fact that water
monomers do not dissociate on this surface is not surprising, since our surface model is fully
hydroxylated.69
Upon increasing the coverage water dimer adsorption was examined, again considering a broad
range of structures. Metastable hydrogen bonded dimers were identified. However their adsorp-
tion energy was at least 0.1 eV/H2O less than the adsorption energy of two separate adsorbed
monomers. Similar behavior was seen for higher coverages, isolated water monomers were more
stable than hydrogen bonded clusters. This means that water clustering on a freshly cleaved mi-
crocline (001) surface is not favored. However, on the most stable surface (T1 = 0.0) this behavior
at low coverages is qualitatively different. Because of the weaker adsorption energy, clustering of
water is favorable on the T1 = 0.0 surface. Upon increasing coverage, the water adsorption ener-
16
gies become more similar on the two surfaces, see Figure 4 a. This is not surprising, because at
higher coverages, the relative importance of surface-water interactions versus water-water interac-
tions decreases. As with the monomer, the structural features of the adsorbed water cluster do not
differ much, changing the surface mainly impacts the adsorption energies.
3.3.2 Monolayer coverage
To understand how ice can grow on surfaces, it is crucial to look at structures that might form
on the substrate at high coverages. At these high coverages, the differences in terms of water
adsorption between the two different surfaces considered become very small, and so our focus
in the discussion will be on the freshly cleaved (001) surface. We looked at a wide range of ice
structures including traditional ones (basal and prismatic faces) and non traditional ones adapting
to the potential energy surface of the substrate.
Figure 4 d shows the most stable contact layer structure with an adsorption energy of −0.56
eV/H2O found at a coverage of 1.0 ML. This structure is composed of square-like arrangements of
water molecules. Three out of four water molecules in a square form hydrogen bonds with surface
hydroxyl groups, the fourth water molecule is coordinated to a K+ ion. The average intermolecular
water O-O bond length in this structure is 2.87 Å and the O-O-O angles range from 77◦ to 103◦
(compared to 109◦ in ice Ih). This contact layer is rather flat, the average height difference between
nearest neighbor water molecules being 0.30 Å (as opposed to 0.9 Å in a basal bilayer) and does
not resemble any traditional ice-like structure.
Overlayers that would resemble the structure of an ice Ih basal or prism layer have a coverage
of 1.5 ML. In terms of energetics, overlayers at 1.0 ML and 1.5 ML are very similar, the most
stable structure having an adsorption energy of −0.60 eV/H2O. The most stable contact layer at
such a coverage is shown in Figure 4 e. Irrespective of our starting point (basal or prism face)
for the structure search, low energy structures converge to structures similar to the one shown in
Figure 4 e. In these structures the hexagonal arrangement of water molecules persists (as can be
seen from the top view). Whilst ice bilayer structures have water molecules located at two well
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defined heights, water molecules in these monolayers are at a broad distribution of heights, as
exemplified by the side view in Figure 4 e. In the most stable 1.5 ML ice structure on microcline
intermolecular O-O bond lengths range from 2.59 Å to 2.91 Å and intermolecular O-O-O angles
from 95◦ to 128◦. Low energy monolayer coverage structures at 1.5 ML therefore do not resemble
either basal or prism structures. The broad range of bond lengths and angles is a result of the
water overlayer optimizing its interaction with the surface, which comes at the cost of distorting
hydrogen bonds.
Previous work has shown that, for example, on metal surfaces ice bilayers do not form in
general.70–73 Even surfaces with a near perfect lattice match to ice do not necessarily tend to form
ice bilayers.74 Interestingly on other surfaces, such as for example kaolinite, more regular ice-
like structures can form in the contact layer.18 In this case this is made possible by the particular
arrangement of hydroxyl groups on the kaolinite surface. They are arranged in an almost uniform
hexagonal pattern, and match the ice bilayer structure rather well. An hexagonal layer of ice
can therefore bind very strongly to the kaolinite surface.18 It should be noted that the hexagonal
structure on kaolinite has no dangling hydrogen bonds, and is therefore not amenable to further
water adsorption. On microcline, the situation is very different, because the surface does not match
the bilayer structure at all. Different interaction sites are not only exposed at different heights (the
height difference between K+ ions and the oxygen atom of a OH group is 0.6 Å at the surface), but
also the spacing between different hydroxyl groups itself varies significantly (O-O distances range
from 4.7 Å to 6.1 Å). As a result of this very complex surface, we do not observe contact layers
resembling a regular ice Ih bilayer structure.
3.3.3 Multilayer coverage
The ability of a substrate to stabilize multiple ice layers appears to be a trivial prerequisite for
any substrate to be a good ice nucleator. Interestingly, the contact layer on kaolinite was found to
be hydrophobic.18 Based solely on this, kaolinite should not drive multilayer ice growth, which
would make it a bad ice nucleator. Classical MD simulations addressing ice nucleation on kaolinite
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revealed however that it nevertheless promotes ice growth .75,76 This clearly shows, that looking
exclusively at the most stable structures is insufficient. At least of equal importance is to understand
the full configurational space of water on a substrate, and any low energy metastable structures
that might form. In the case of kaolinite it was for example a prismatic face of ice forming on
the surface that drove ice nucleation, and not the 0.04 eV/H2O more stable bilayer-like structure
obtained from first principles calculations.18
To explore this system we performed an extensive search of possible ice structures using our
guided structure search method. We specifically looked at four different ice multilayer structures
on microcline: (i) 1.0 ML in the contact layer plus an ice Ih basal face in the second layer (1.0 ML +
basal) (coverage of 2.5 ML; (ii) 1.0 ML in the contact layer plus an ice Ih prism face in the second
layer (1.0 ML + prism) (coverage of 2.5 ML); (iii) two layers of the ice Ih prism face (prism+prism)
(coverage of 3.0 ML); (iv) two layers of the ice Ih basal face (basal+basal) (coverage of 3.0 ML).
The energies of the different multilayer structures are plotted in Figure 4 as a function of coverage
and, in the inset, for the four structures just described. Figure 5 shows the most stable structure for
each of these cases from a side and top view.
Before discussing the details of different multilayers, we compare monolayer and multilayer
ice structures. By adding an additional water layer on top of the contact layer, the adsorption
energy (Eads = −0.60 eV/H2O) either increases slightly (compared to the 1.0 ML coverage) or
stays the same (compared to the 1.5 ML coverage).
The inset shows that the energetics of the different types of overlayer are very similar, and range
from Eads = −0.60 eV/H2O (for structures (b) and (c)) to Eads = −0.58 eV/H2O (for structure (d)),
(a) being in the middle with an adsorption energy of Eads = −0.59 eV/H2O. These tiny energy
differences of a few meV/water are beyond the accuracy of DFT (at the GGA level) for hydrogen
bonded systems,77,78 and we therefore do not attempt to say which structure is most stable. Even
though the various multilayer ice structures have similar energies, their structures differ substan-
tially. Some comments on this are useful. First, the second ice layer in structure (b) very closely
resembles the prism face of ice Ih, as can be seen from the red guidelines in Figure 5. The average
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Figure 5: Multilayer ice growth on microcline (001). We show the most stable structure found for
a double basal layer (a), a double prism layer (b), a combination of a contact layer with 1.0 ML
coverage and a basal layer (c) and a combination of a contact layer with 1.0 ML coverage and a
prism layer (d). The contact layer in each case is shown in dark blue, the second layer in light blue.
Visual guide lines connecting nearest neighbor water molecules are also shown. (b) and (c) are
the most stable structures of all multilayer structures, and very closely mimic the prism face (b) or
basal face (c) of ice Ih.
O-O distance of the second ice overlayer in this structure is 2.82 Å and the average O-O-O angle
is 113◦. Note that the first overlayer in this case does not adopt a prism face-like structure, but
instead acts as a mediator between the substrate structure of microcline and the prism face formed
in the second overlayer. The ice configuration shown in (c) also quite closely resembles an ice-like
structure, in this case the basal face of ice Ih (average O-O distance: 2.72 Å, average O-O-O angle:
107◦). Recent unbiased molecular dynamics simulations on model systems revealed that the for-
mation of an ice-like overlayer seems to enhance ice nucleating ability.35 Both of these structures
are therefore viable candidates for how ice might form on a clean and defect free microcline (001)
surface. In the other two scenarios, (a) and (d), the second layer gets significantly more distorted
upon relaxation. In both structures, the in-plane symmetry resembles the hexagonal structure of
ice, the side view reveals however that the buckling is very different compared to a basal and prism
face (see Figure 5). This makes both of these structures unlikely candidates for explaining what
makes feldspar a good ice nucleator.
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We now try to understand the structures obtained. From the calculations at 1.5 ML we know
that neither basal-like nor prism-like contact layers can form, see Figure 4 e for a reminder. It
makes sense that this irregular first layer induces strong distortions in a basal-like overlayer on
top of it, simply to make both layers fit onto each other. Not surprisingly, therefore, a multilayer
consisting of two basal-like ice layers, as in (a), will distort significantly upon relaxation. In
contrast, the contact layers found for a coverage of 1.0 ML were much more regular, see Figure 4
d for one particular example. As a consequence, forming a regular basal-like overlayer is much
more feasible in this case. This is why the second water layer is able to maintain its basal-like
structure in scenario (c). On the other hand, forming a prism-face like structure on this regular
contact layer with 1.0 ML coverage is not favorable. Thus, the second layer in (d), which started
off as prism-like face, deforms significantly.
To summarize, our results show that 1.0 ML and 1.5 ML contact layers on microcline can
template the formation of an ice-like structure in the second layer. This is interesting because
neither the substrate nor the contact layer adopt an ice-like structure. Nevertheless, basal and
prismatic ice-like configurations can be formed on top of them. These ice-like arrangements of
water molecules become possible in the second overlayer, because the first contact layer, even
though overall not being very ice-like, still exhibits a local structure akin to that of ice (O-O bond
lengths for example are comparable to ice in the first contact layer). In contrast, the underlying
substrate, as in the case of feldspar (001), can be very different from an ice-like structure. In other
words, the non ice-like contact layer can be thought of as having a mediating function between
the ice-unlike substrate and an ice structure. This finding might help to stimulate thinking in
relation to ice nucleation, because it greatly enlarges the compound space of potentially efficient
ice nucleators. Our finding, based on ab initio calculations, shows that the surface structure of a
good ice nucleator need not necessarily match the structure of ice.
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4 Discussion and Conclusions
Density functional theory combined with a guided structure search approach was used to investi-
gate the feldspar/water interface. At first, we looked at bulk microcline and focused in particular on
Al order. We reproduced not only the empirical relation between Al order and lattice dimension,
but also the fact that microcline has Al highly ordered in its T1 site. Furthermore, our microscopic
understanding allowed us to address an issue that was previously overlooked, namely that there are
two rather than one characteristic Si-O bond lengths. As a consequence the 1:1 relation suggested
by the empirical model breaks down at the atomistic level.
After establishing a clear picture of the bulk structure, we moved to the (001) surface of mi-
crocline. The thermodynamically most favorable order state on the surface was different from the
bulk. Instead of Al preferring T1 sites as in the bulk, at the surface they are more stable in T2
sites. This was explained by the greater stability of SiOH groups compared to AlOH groups. Our
numbers provide clear support for the well known experimental fact that Al dissolves prior to Si.54
When it came to water adsorption we focused on investigating the configurational space of wa-
ter on microcline. We found that at low coverages, single water molecules are able to bind strongly
to the surface. As more water is adsorbed, the adsorption energy per water molecule decreases up
to a coverage of 1.0 ML. Contact layers with a coverage of 1.0 ML and 1.5 ML were found to be
ideal candidates to stabilize ice-like structures. Multilayer ice configurations closely resembling
the prism face or the basal face of ice Ih were identified. This was somewhat surprising because
neither the microcline surface nor the contact layer resemble an ice-like structure. Nevertheless,
ice-like structures can be grown on top of them. Besides feldspar, other substrates such as testos-
terone19 or marine biogenic particles20 are also good ice nucleators without having an apparent
match with ice. Our findings here could potentially apply to these systems as well; just because the
substrate itself does not resemble the structure of ice it does not automatically follow that ice-like
structures cannot be stable on them.
It is interesting to briefly consider how this work could be taken forward. The accuracy of PBE
for hydrogen bonded systems is around 50 meV/H2O or better depending on the system.77,78 The
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most obvious shortcoming of PBE is that it neglects van der Waals dispersion forces. However, as
reported in the SI we have performed a series of tests for feldspar bulk and water covered surfaces
which show that the inclusion of dispersion does not alter any of the key conclusions reached in this
particular system. The main effect of dispersion is to reduce the energy spacing between stable and
metastable structures, in a manner similar to what has been observed for bulk ice structures.77,78
Given the limitation of PBE, and any exchange-correlation functional for that matter, we have been
careful not to attempt to discriminate between low energy structures of similar stability. Rather
have we focused on obtaining a general understanding of the low energy structures of ice that are
accessible on the surface. Besides approximations coming from the choice of exchange-correlation
functional, our study focused exclusively on a perfect (001) surface of microcline at zero Kelvin.
Real feldspar particles in our atmosphere will expose a large variety of different surfaces, all of
which might contribute to the outstanding ice nucleating ability of this material. Furthermore,
the effect of temperature, defects, trenches, wedges and impurities on its surface remains unclear.
Addressing these issues is important for future studies aiming to explain what makes feldspar an
excellent ice nucleator.
Even though we did not directly look at ice nucleation on microcline, the DFT data can be
useful for guiding and validating future force field studies which might probe the ice nucleating
ability of feldspar explicitly. The fact that we now have a good idea about the microcline (001)
surface as well as the finding that water does not appear to dissociate on this surface suggests that
classical force field simulations are a reasonable choice to investigate this interface further. This
is particularly promising, because it is becoming feasible to study ice nucleation with unbiased
molecular dynamics simulations.29–31,33–35,76 Furthermore, recent force field studies suggested
that the formation of ice like water overlayers on top of substrates can promote ice nucleation.35
We therefore envisage future studies, in which a large number of materials could be screened with
the method introduced here to identify water structures at complex substrates, for which the ice
nucleating ability could subsequently be probed with molecular dynamics simulations. This could
make it feasible in the future to rationally design highly efficient ice nucleating agents.
23
Supporting Information Available
S.1, On the accuracy of the PBE functional; Figure S1, Comparison between PBE and optB88-
vdW for bulk energies; Figure S2, Comparison between PBE and optB88-vdW for adsorption
energies; S.2, Convergence of volume versus cutoff energy; Figure S3, Convergence of volume
as function of plane wave cutoff; S.3, Breakdown of the 1:1 correspondence of the Al order -
unit cell dimension relationship; S.4, Guided structure search approach; Figure S4, Correlation
between PBE and forcefield energies This material is available free of charge via the Internet at
http://pubs.acs.org.
Acknowledgement
This work was supported by the European Research Council under the European Union’s Sev-
enth Framework Programme (FP/2007-2013) / ERC Grant Agreement number 616121 (HeteroIce
project). A. M. is also supported by the Royal Society through a Royal Society Wolfson Research
Merit Award. Dr. G.C. Sosso and Y.S. Al-Hamdani are thanked for insightful discussions. We are
grateful for computational resources provided by the Materials Chemistry Consortium through the
EPSRC grant number EP/L000202, UCL Research Computing and the London Centre for Nan-
otechnology.
References
(1) Brantley, S. L.; Kubicki, J. D.; White, A. F. Kinetics of Water-Rock Interaction; Springer
New York, 2008; Vol. 168.
(2) Morrow, C. P.; Nangia, S.; Garrison, B. J. Ab Initio Investigation of Dissolution Mechanisms
in Aluminosilicate Minerals. J. Phys. Chem. A 2009, 113, 1343–1352.
(3) Atkinson, J. D.; Murray, B. J.; Woodhouse, M. T.; Whale, T. F.; Baustian, K. J.;
Carslaw, K. S.; Dobbie, S.; OSullivan, D.; Malkin, T. L. The Importance of Feldspar for
Ice Nucleation by Mineral Dust in Mixed-Phase Clouds. Nature 2013, 498, 355.
24
(4) Yakobi-Hancock, J. D.; Ladino, L. A.; Abbatt, J. P. D. Feldspar Minerals as Efficient Depo-
sition Ice Nuclei. Atmos. Chem. Phys. 2013, 13, 11175–11185.
(5) O’Sullivan, D.; Murray, B. J.; Malkin, T. L.; Whale, T. F.; Umo, N. S.; Atkinson, J. D.;
Price, H. C.; Baustian, K. J.; Browse, J.; Webb, M. E. Ice Nucleation by Fertile Soil Dusts:
Relative Importance of Mineral and Biogenic Components. Atmos. Chem. Phys. 2014, 14,
1853–1867.
(6) DeMott, P. J.; Prenni, A. J.; McMeeking, G. R.; Sullivan, R. C.; Petters, M. D.; Tobo, Y.;
Niemand, M.; Möhler, O.; Snider, J. R.; Wang, Z.; et al., Integrating Laboratory and Field
Data to Quantify the Immersion Freezing Ice Nucleation Activity of Mineral Dust Particles.
Atmos. Chem. Phys. 2015, 15, 393–409.
(7) Zolles, T.; Burkart, J.; Häusler, T.; Pummer, B.; Hitzenberger, R.; Grothe, H. Identification of
Ice Nucleation Active Sites on Feldspar Dust Particles. J. Phys. Chem. A 2015, 119, 2692–
2700.
(8) Hiranuma, N.; Möhler, O.; Yamashita, K.; Tajiri, T.; Saito, A.; Kiselev, A.; Hoffmann, N.;
Hoose, C.; Jantsch, E.; Koop, T.; Murakami, M. Ice Nucleation by Cellulose and Its Potential
Contribution to Ice Formation in Clouds. Nat. Geosci. 2015, 8, 273–277.
(9) O’Sullivan, D.; Murray, B. J.; Ross, J. F.; Whale, T. F.; Price, H. C.; Atkinson, J. D.;
Umo, N. S.; Webb, M. E. The Relevance of Nanoscale Biological Fragments for Ice Nu-
cleation in Clouds. Sci. Rep. 2015, 5, 8082.
(10) Wheeler, M. J.; Mason, R. H.; Steunenberg, K.; Wagstaff, M.; Chou, C.; Bertram, A. K.
Immersion Freezing of Supermicron Mineral Dust Particles: Freezing Results, Testing Dif-
ferent Schemes for Describing Ice Nucleation, and Ice Nucleation Active Site Densities. J.
Phys. Chem. A 2015, 119, 4358–4372.
(11) Fenter, P.; Teng, H.; Geissbühler, P.; Hanchar, J. M.; Nagy, K. L.; Sturchio, N. C. Atomic-
25
Scale Structure of the Orthoclase (001)-Water Interface Measured with High-Resolution X-
ray Reflectivity. Geochim. Cosmochim. Acta 2000, 64, 3663–3673.
(12) Bucko, T.; Benco, L.; Demuth, T.; Hafner, J. Ab Initio Density Functional Investigation of
the (001) Surface of Mordenite. J. Chem. Phys. 2002, 117, 7295–7305.
(13) Fenter, P.; Cheng, L.; Park, C.; Zhang, Z.; Sturchio, N. C. Structure of the Orthoclase (001)-
and (010)-Water Interfaces by High-Resolution X-ray Reflectivity. Geochim. Cosmochim.
Acta 2003, 67, 4267–4275.
(14) Criscenti, L. J.; Brantley, S. L.; Mueller, K. T.; Tsomaia, N.; Kubicki, J. D. Theoretical and
27Al CPMAS NMR Investigation of Aluminum Coordination Changes During Aluminosili-
cate Dissolution. Geochim. Cosmochim. Acta 2005, 69, 2205–2220.
(15) Kerisit, S.; Liu, C.; Ilton, E. S. Molecular Dynamics Simulations of the Orthoclase (0 0 1)-
and (0 1 0)-Water Interfaces. Geochim. Cosmochim. Acta 2008, 72, 1481–1497.
(16) Fenter, P.; Zapol, P.; He, H.; Sturchio, N. C. On the Variation of Dissolution Rates at the
Orthoclase (0 0 1) Surface with pH and Temperature. Geochim. Cosmochim. Acta 2014, 141,
598–611.
(17) Edwards, G. R.; Evans, L. F.; La Mer, V. K. Ice Nucleation by Monodisperse Silver Iodide
Particles. J. Colloid Interface Sci. 1962, 17, 749–758.
(18) Hu, X. L.; Michaelides, A. Water on the Hydroxylated (001) Surface of Kaolinite: From
Monomer Adsorption to a Flat 2D Wetting Layer. Surf. Sci. 2008, 602, 960–974.
(19) Ewing, G. E. Ambient Thin Film Water on Insulator Surfaces. Chem. Rev. 2006, 106, 1511.
(20) Wilson, T. et al. A Marine Biogenic Source of Atmospheric Ice-Nucleating Particles. Nature
2015, 525, 234–238.
(21) Slater, B.; Michaelides, A.; Salzmann, C. G.; Lohmann, U. A Blue-Sky Approach to Under-
standing Cloud Formation. B. Am. Meteorol. Soc. 2015, DOI: 10.1175/BAMS-D-15-00131.1.
26
(22) Lin, X.; Groß, A. First-Principles Study of the Water Structure on Flat and Stepped Gold
Surfaces. Surface Science 2012, 606, 886 – 891.
(23) Tocci, G.; Michaelides, A. Solvent-Induced Proton Hopping at a Water-Oxide Interface. J.
Phys. Chem. Lett. 2014, 5, 474–480.
(24) Cheng, J.; Sprik, M. The Electric Double Layer at a Rutile TiO2 Water Interface Modelled
Using Density Functional Theory Based Molecular Dynamics Simulation. J. Phys. Condens.
Matter 2014, 26, 244108.
(25) Huang, P.; Pham, T. A.; Galli, G.; Schwegler, E. Alumina(0001)/Water Interface: Structural
Properties and Infrared Spectra from First-Principles Molecular Dynamics Simulations. J.
Phys. Chem. C 2014, 118, 8944–8951.
(26) Shevkunov, S. V. Clusterization of Water Molecules on Crystalline β -AgI Surface. Computer
Experiment. Colloid J. 2006, 68, 632–643.
(27) Zielke, S. A.; Bertram, A. K.; Patey, G. N. A Molecular Mechanism of Ice Nucleation on
Model AgI Surfaces. J. Phys. Chem. B 2015, 119, 9049–9055.
(28) Fraux, G.; Doye, J. P. K. Heterogeneous Ice Nucleation on Silver-Iodide-Like Surfaces. J.
Chem. Phys. 2014, 141, 216101.
(29) Moore, E. B.; de La Llave, E.; Welke, K.; Scherlis, D. A.; Molinero, V. Freezing, Melting
and Structure of Ice in a Hydrophilic Nanopore. Phys. Chem. Chem. Phys. 2010, 12, 4124.
(30) Lupi, L.; Hudait, A.; Molinero, V. Heterogeneous Nucleation of Ice on Carbon Surfaces. J.
Am. Chem. Soc. 2014, 136, 3156.
(31) Zhang, X.; Chen, M.; Fu, M. Impact of Surface Nanostructure on Ice Nucleation. J. Chem.
Phys. 2014, 141, 124709.
(32) Reinhardt, A.; Doye, J. P. K. Effects of Surface Interactions on Heterogeneous Ice Nucleation
for a Monatomic Water Model. J. Chem. Phys. 2014, 141, 084501.
27
(33) Cox, S. J.; Kathmann, S. M.; Slater, B.; Michaelides, A. Molecular Simulations of Heteroge-
neous Ice Nucleation. II. Peeling Back The Layers. J. Chem. Phys. 2015, 142, 184705.
(34) Cox, S. J.; Kathmann, S. M.; Slater, B.; Michaelides, A. Molecular Simulations of Heteroge-
neous Ice Nucleation. I. Controlling Ice Nucleation Through Surface Hydrophilicity. J. Chem.
Phys. 2015, 14, 184704.
(35) Fitzner, M.; Sosso, G. C.; Cox, S. J.; Michaelides, A. The Many Faces of Heterogeneous Ice
Nucleation: Interplay Between Surface Morphology and Hydrophobicity. J. Am. Chem. Soc.
2015, 137, 13658–13669.
(36) Bi, Y.; Cabriolu, R.; Li, T. Heterogeneous Ice Nucleation Controlled by the Coupling of
Surface Crystallinity and Surface Hydrophilicity. J. Phys. Chem. C 2016, 120, 1507–1514.
(37) Kresse, G.; Hafner, J. Ab Initio Molecular Dynamics for Liquid Metals. Phys. Rev. B 1993,
47, 558.
(38) Kresse, G.; Furthmüller, J. Efficient Iterative Schemes for Ab Initio Total-Energy Calcula-
tions Using a Plane-Wave Basis Set. Phys. Rev. B 1996, 54, 11169.
(39) Kresse, G.; Joubert, D. From Ultrasoft Pseudopotentials to the Projector Augmented-Wave
Method. Phys. Rev. B 1999, 59, 1758.
(40) Allan, D. R.; Angel, R. J. A High-Pressure Structural Study of Microcline (KAlSi3O8) to 7
GPa. Eur. J. Mineral. 1997, 9, 263–276.
(41) Monkhorst, H. J.; Pack, J. D. Special Points for Brillouin-Zone Integrations. Phys. Rev. B
1976, 13, 5188.
(42) Makov, G.; Payne, M. C. Periodic Boundary Conditions in Ab Initio Calculations. Phys. Rev.
B 1995, 51, 4014.
(43) Not all calculations converged if employing the dipole correction. We optimized these struc-
tures without a dipole correction. In these cases we also checked manually if strong dipole
28
moments occurred in the z-direction which was not the case. Furthermore, we made sure that
the impact of the dipole correction itself is small, by calculating adsorption energies of var-
ious structures with and without this correction. The differences in adsorption energies were
always small (less than 10 meV/water).
(44) Perdew, J. P.; Burke, K.; Ernzerhof, M. Generalized Gradient Approximation Made Simple.
Phys. Rev. Lett. 1996, 77, 3865.
(45) Perdew, J. P.; Burke, K.; Ernzerhof, M. Generalized Gradient Approximation Made Simple.
Phys. Rev. Lett. 1997, 78, 1396.
(46) Dion, M.; Rydberg, H.; Schröder, E.; Langreth, D. C.; Lundqvist, B. I. Van der Waals Density
Functional for General Geometries. Phys. Rev. Lett. 2004, 92, 246401.
(47) Klimeš, J.; Bowler, D. R.; Michaelides, A. Chemical Accuracy for the Van der Waals Density
Functional. J. Phys. Condens. Matter 2010, 22, 022201.
(48) Klimeš, J.; Bowler, D. R.; Michaelides, A. Van der Waals Density Functionals Applied to
Solids. Phys. Rev. B 2011, 83, 195131.
(49) Cygan, R. T.; Liang, J.; Kalinichev, A. G. Molecular Models of Hydroxide, Oxyhydroxide,
and Clay Phases and the Development of a General Force Field. J. Phys. Chem. B 2004, 108,
1255–1266.
(50) Van Der Spoel, D.; Lindahl, E.; Hess, B.; Groenhof, G.; Mark, A. E.; Berendsen, H. J. C.
GROMACS: Fast, Flexible, and Free. J. Comput. Chem. 2005, 26, 1701–1718.
(51) Hess, B.; Kutzner, C.; van der Spoel, D.; Lindahl, E. GROMACS 4: Algorithms for Highly
Efficient, Load-Balanced, and Scalable Molecular Simulations. J. Chem. Theory Comput.
2008, 4, 435–447.
(52) Berendsen, H. J. C.; Postma, J. P. M.; van Gunsteren, W. F.; Hermans, J. Interaction Models
29
for Water in Relation to Protein Hydration. In Intermolecular Forces; Springer Netherlands,
1981; Vol. 14.
(53) Ribbe, P. H. Feldspars and Their Reactions; Springer, 1994.
(54) Yang, Y.; Min, Y.; Lococo, J.; Jun, Y. Effects of Al/Si Ordering on Feldspar Dissolution: Part
I. Crystallographic Control on the Stoichiometry of Dissolution Reaction. Geochim. Cos-
mochim. Acta 2014, 126, 574–594.
(55) Kroll, H.; Ribbe, P. H. Determining (Al,Si) Distribution and Strain in Alkali Feldspars using
Lattice Parameters and Diffraction Peak Positions: A Review. Am. Mineral. 1987, 72, 491–
506.
(56) For symmetry reasons, in triclinic feldspars, such as microcline, one can subdivide T1 and T2
sites further into t1m, t1o, t2m and t2o sites. For practical purposes, such as dissolution kinetics
it is only the distribution of Al between T1 and T2 sites which is of crucial importance.54 The
distribution between tm and to sites plays no or a negligible role. Here will therefore focus
solely on the Al distribution between T1 and T2 sites.
(57) Ghorbanpour, A.; Rimer, J. D.; Grabow, L. C. Periodic, VdW-Corrected Density Functional
Theory Investigation of the Effect of Al Siting in H-ZSM-5 on Chemisorption Properties and
Site-Specific Acidity. Catal. Commun. 2014, 52, 98–102.
(58) Jones, J. B. Order in Alkali Feldspars. Nature 1966, 210, 1352–1353.
(59) Gibbs, G. V.; Brown, G. E.; Ribbe, P. H. Nature and Variation in Length of Si-O and Al-O
Bonds in Framework Silicates. Am. Mineral. 1969, 54, 1044.
(60) Ribbe, P. H.; Gibbs, G. V. Statistical Analysis and Discussion of Mean Al/Si-O Bond Dis-
tances and Aluminium Content of Tetrahedra in Feldspars. Am. Mineral. 1969, 54, 85.
(61) Stewart, D. B.; Ribbe, P. H. Structural Explanation for Variations in Cell Parameters of Alkali
Feldspar with Al/Si Ordering. Am. J. Sci. 1969, 267, 444–462.
30
(62) Jowhar, T. N. Proceedings of the Second International Conference on Soft Computing for
Problem Solving (SocProS 2012), December 28-30, 2012; Advances in Intelligent Systems
and Computing 236; Springer India, 2014; pp 1003–1013.
(63) Myers, E. R.; Heine, V.; Dove, M. T. Thermodynamics of Al/Al Avoidance in the Ordering
of Al/Si Tetrahedral Framework Structures. Phys. Chem. Miner. 1998, 25, 457–464.
(64) Palin, E. J.; Dove, M. T.; Redfern, S. A. T.; Bosenick, A.; Sainz-Diaz, C. I.; Warren, M. C.
Computational Study of Tetrahedral Al-Si Ordering in Muscovite. Phys. Chem. Miner. 2001,
28, 534–544.
(65) Löwenstein, W. The Distribution of Aluminum in the Tetrahedra of Silicates and Aluminates.
Am. Mineral. 1954, 39, 92–96.
(66) Dempsey, E. Molecular Sieves. Soc. Chem. Ind., London 1968, 293, 47.
(67) Zhang, L.; Lüttge, A. Al,Si Order in Albite and its Effect on Albite Dissolution Processes: A
Monte Carlo Study. Am. Mineral. 2007, 92, 1316–1324.
(68) Zhang, L.; Lüttge, A. Aluminosilicate Dissolution Kinetics: A General Stochastic Model. J.
Phys. Chem. B 2008, 112, 1736–1742.
(69) We did not explicitly search for dissociated structures at higher coverages, but all the very
stable structures found were made out of exclusively intact water molecules.
(70) Carrasco, J.; Michaelides, A.; Forster, M.; Haq, S.; Raval, R.; Hodgson, A. A One-
Dimensional Ice Structure Built from Pentagons. Nat. Mater. 2009, 8, 427–431.
(71) Nie, S.; Feibelman, P. J.; Bartelt, N. C.; Thürmer, K. Pentagons and Heptagons in the First
Water Layer on Pt (111). Phys. Rev. Lett. 2010, 105, 026102.
(72) Standop, S.; Redinger, A.; Morgenstern, M.; Michely, T.; Busse, C. Molecular Structure of
the H2O Wetting Layer on Pt(111). Phys. Rev. B 2010, 82, 161412.
31
(73) Cerdá, J.; Michaelides, A.; Bocquet, M. L.; Feibelman, P. J.; Mitsui, T.; Rose, M.; Fomin, E.;
Salmeron, M. Novel Water Overlayer Growth on Pd(111) Characterized with Scanning Tun-
neling Microscopy and Density Functional Theory. Phys. Rev. Lett. 2004, 93, 116101.
(74) Cox, S. J.; Kathmann, S. M.; Purton, J. A.; Gillan, M. J.; Michaelides, A. Non-Hexagonal Ice
at Hexagonal Surfaces: The Role of Lattice Mismatch. Phys. Chem. Chem. Phys. 2012, 14,
7944–7949.
(75) Cox, S. J.; Raza, Z.; Kathmann, S. M.; Slater, B.; Michaelides, A. The Microscopic Features
of Heterogeneous Ice Nucleation May Affect the Macroscopic Morphology of Atmospheric
Ice Crystals. Farad. Discuss. 2013, 167, 389–403.
(76) Zielke, S. A.; Bertram, A. K.; Patey, G. N. Simulations of Ice Nucleation by Kaolinite (001)
with Rigid and Flexible Surfaces. J. Phys. Chem. B 2015, DOI: 10.1021/acs.jpcb.5b09052.
(77) Santra, B.; Michaelides, A.; Scheffler, M. On the Accuracy of Density-Functional Theory
Exchange-Correlation Functionals for H Bonds in Small Water Clusters: Benchmarks Ap-
proaching the Complete Basis Set Limit. J. Chem. Phys. 2007, 127, 184104.
(78) Santra, B.; Michaelides, A.; Fuchs, M.; Tkatchenko, A.; Filippi, C.; Scheffler, M. On the
Accuracy of Density-Functional Theory Exchange-Correlation Functionals for H Bonds in
Small Water Clusters. II. The Water Hexamer and Van der Waals Interactions. J. Chem. Phys.
2008, 129, 194111.
32
